Background: With the increased application of Silver nanoparticles (AgNP), its potential concerns to the health of human beings remain to be defined. This study aims to explore the harmful effects of AgNP on lung tissue in animals and to examine the mechanisms of protection achieved by sodium selenite. Methods: Sprague-Dawley(SD) rats were exposed to AgNP (200 μL,1mg/mL) through a single intratracheal instillation. Sodium selenite (0.2mg/kg) was i.p. injected. Malondialdehyde (MDA) and glutathione (GSH) were measured using a spectrophotometer. Histological outcomes and ultrastructural changes were assessed by hematoxylin and eosin (HE) staining and electronic microscopy. Caspases and mitochondrial fission and fusion markers were measured by Western blotting. Results: The histopathologic findings showed that AgNP significantly increased the thickness of alveolar septa, accumulation of macrophage, and the formation of pulmonary bullae and pulmonary consolidation. Ultrastructural studies showed localization of AgNP inside the mitochondria, hyperplasia and vacuolation of type I and type II alveolar cells, lysis of osmiophilic lamellar bodies, and swollen of the mitochondria. AgNP elevated MDA and reduced GSH levels. AgNP activated caspases-3, increased mitochondrial fission markers Dynamin-related protein 1 (Drp1) and phospho-Drp1(p-Drp1), and decreased fusion proteins optic atrophy 1 (Opa1) and mitofusins 2 (Mfn2). Treatment with sodium selenite for 7 days corrected the AgNP-caused alterations in morphological, ultrastructural, oxidative stress, caspase-3 activation and mitochondrial dynamic imbalance. Conclusion: We conclude that the exposure of AgNP causes lung tissue damage by enhances oxidative stress, activates caspases-3, and triggers mitochondrial dynamic imbalance towards fission. Sodium selenite effectively detoxifies the AgNP-induced damage to the lung tissue by preventing the above alterations.
Introduction
In recent years, silver nanoparticle (AgNP) is utilized in a broad spectrum from commercial goods to antimicrobial or treatment agents for diseases. 1, 2 A huge amount of AgNP is produced every year, the maximum estimation of the production in the United States was as high as 20 tons per year. 3 The occupational and environmental exposure risk of AgNP has increased with the increase of the production and usage, causing potential concerns to human health and ecosystems. There are multiple routes of exposure to AgNP, while inhalation has been proposed as the most common route. Studies have indicated that AgNP induces pulmonary toxicity, includes the particle deposition in the lung, pulmonary inflammation, and cause the reduction of pulmonary volume. [4] [5] [6] The possible mechanisms of AgNP toxicity involved DNA damage, mitochondrial toxicity, reactive oxygen species (ROS) accumulation, activations of ROSdependent and independent cell signaling pathways, and inflammatory responses. [7] [8] [9] [10] [11] AgNP can interact with the mitochondria, which means the mitochondria are likely to be the intracellular target of AgNP toxicity. In general, the mitochondria are highly dynamic organelles, they are in the dynamic balance of fission and fusion, in order to maintain their size, shape, and distribution, which are crucial for organismal health. Mitochondria fission is the process that one mitochondrion divided into two daughter mitochondria, which is regulated by a distinct set of proteins. Drp1 plays a central role in fission, or at least the best understood fission protein, that regulates mitochondrial fission in mammals together with mitochondrial fission protein 1 (Fis1). 12, 13 Mitochondrial fusion is a process where two mitochondria merged into one. The mitochondrial fusion is driven by a two-step process with the outer mitochondrial membrane fusion mediated by Mfn1 and Mfn2 followed by inner membrane fusion, mediated by Opa1. 14 We have previously shown that AgNP exposure increases ROS production, suppresses mitochondrial membrane potential, elevates mitochondrial oxygen consumption and activates caspase-3 in a neuronal cell line. 15 However, there are few in vivo studies on its mitochondrial toxicity, especially the effect of AgNP on mitochondrial dynamics and the evidence AgNP being translocated to mitochondria. Our current study will focus on these points. Selenium is an essential micronutrient, known for its detoxification effects in heavy metal exposure. 16 Selenium is a central component of various antioxidant enzymes catalytic sites, such as glutathione peroxidases and thioredoxin reductase, 17, 18 and it is capable of restoring the activity of these enzymes. [19] [20] [21] Selenium can effectively counteract free radicals and protects the structure and function of proteins, DNA, and chromosomes against the injury of oxidation. 22 Studies have shown that selenium is capable of reducing ROS production. 23, 24 A recent study has shown that the hepatotoxicity of AgNP may be related to the antagonistic effect of silver on the status of essential trace element selenium 25 and selenium supplementation attenuates hepatotoxicity. 10 Further, selenium possesses significant potential in protecting against AgNP induced testicular toxicity and inflammation. 11 We have previously demonstrated that selenium improves mitochondrial stress, inhibits caspase-3 activation and reduces cell death induced by AgNP. 15 In the present study, we aimed to study the detrimental impact of AgNP on the respiratory system and rescuer effects of sodium selenite with the focus on mitochondrial ultrastructural changes and mitochondrial dynamics.
Materials and Methods

Silver Nanoparticle Preparation and Characterization
Silver Powder was purchased from US Research Nanomaterials, Inc (Houston, TX; 20nm, Product Number: US1038). Before administration, AgNP was suspended in 0.9% NaCl to prepare stock suspension (1mg/mL). The stock suspension was sonicated in an ice bath at 22±4°C room temperature for 30 min before intratracheal instillation. Transmission electron microscopic examination (TEM, Hitachi H-7650, Tokyo, Japan) was performed for physical characterization.
Animal Experiments
The specific pathogen-free (SPF) male SD rats, weighing 180-220 grams, at 6-8 weeks of age were purchased from Animal Center of Ningxia Medical University. The rats were housed three in each cage in an institutional animal facility with controlled room temperatures (22±4°C) and humidity (30-70%) under a 12 hrs light/dark. Standard rodent chow and sterile water were provided ad libidum. A one-week acclimatization period was allowed before the experiment. All animal surgical procedures were performed in strict accordance with the Guide for Laboratory Animal Care and Use and approved by the Institutional Review Board of the General Hospital of Ningxia Medical University (approval numbers 2016-089). The AgNP stock suspension (200 μL of 1 mg/mL) was delivered to the rats by intratracheal instillation followed by 500 μL of air. The actual dose admitted to each rat was 200 μg. This dose was selected according to published reports. 26 All rats were anesthetized with an i.p. injection of 10% chloral hydrate (0.3-0.4mL/100g BW) on the 21st day after intratracheal instillation. After well anesthetized, body weight was recorded, and the lung tissues were carefully removed and washed in ice-cold saline solution, dried with regular filter, and then weighted. The lung coefficient was calculated as the ratio of lung tissue weight to the body weight of each individual rat. The design of the animal experiment is shown in Figure 1 . The rats were randomly divided into four groups (n=10 in each group): 1) Control group with a single intratracheal instillation of 200 μL of 0.9% NaCl and intraperitoneal injection of 0.9% NaCl once a day for 7 days; 2) AgNP-treated group with a single intratracheal instillation of 200 μL of 1 mg/mL AgNP, and intraperitoneal injection of 0.9% NaCl once a day for 7 days; 3) Setreated group with a single intratracheal instillation of 200 μL 0.9% NaCl and intraperitoneal admission of 0.2mg/Kg body weight of sodium selenite once a day for 7 days; and 4) Se+ AgNP-treated group with a single intratracheal instillation of 200 μL of 1 mg/mL AgNP and intraperitoneal injection of 0.2mg/Kg sodium selenite once a day for 7 days initiated from the same time of AgNP instillation.
Biochemical Analysis
To measure the oxidative stress in animals, the blood sample was collected and serum was centrifuged for 15min at 3000 rpm. Levels of MDA, a degradation product of lipid peroxide and GSH, an antioxidant, were measured using commercially available kits (HY-60003 and HY-60006, Beijing Sino-UK Institute of Biological Technology). The MDA was read at 532nm and GSH at 412 nm wavelengths in a spectrophotometer.
Histopathology
Part of the lung tissues was fixed in 10% neutral formalin solution overnight and was sliced into small pieces, dehydrating in ascending concentrations of alcohol and clearing in xylene. The tissues were embedded in paraffin blocks and sectioned on a rotary microtome at a thickness of 5 μm. The sections were stained with hematoxylin and eosin using standard procedure and mounted with coverslips. The microscopic images were captured using the Olympus optical microscope (OLYMPUS BX43, Tokyo, Japan) with the purpose of evaluating the overall structural changes. All histopathologic assessments were performed by a pathologist who was blind to the experimental groups.
Transmission Electron Microscopy Examination
Transmission electron microscopy(TEM) examination was performed according to the standard laboratory protocols. Lung tissues were fixed in 2% glutaraldehyde for 2 hrs. They were washed with 0.1M dimethyl sodium arsenate three times at 2h intervals, then post-fixed in 4% osmic acid for 2 hrs, and then wash with 0.1M dimethyl sodium arsenate two times. The tissues were dehydrated in ascending concentrations of alcohol. All the above processes were carried out at 4°C. The tissues were permeated in propylene oxide and embedded in epoxy resin. The resin was polymerized for 48 hrs under 60°C. Ultrathin sections were cut using a diamond knife and were stained with both uranyl acetate and lead citrate. Observations were carried out and the images were captured using a TEM (Hitachi H-7650, Tokyo, Japan).
Western Blot
Another part of the lung tissue was frozen in liquid nitrogen immediately after being taken out from the body and stored at −80°C. The tissues were homogenized and total protein and mitochondrial protein was extracted using the total protein extraction kit from KeyGEN BioTECH (KGP2100) and the mitochondrial protein extraction kit (KGP8100) according to the instructions of the kits. All processes were carried out in an ice water bath. Protein concentration from each sample was determined using a Microplate BCA Protein Assay Kit (KeyGEN BioTECH, KGP8100). Equal amounts of protein were loaded for electrophoresis. The proteins were transferred to a nitrocellulose membrane (Invitrogen) and blocked for nonspecific binding with 10% skim milk. The membrane was incubated with primary antibodies solution overnight at 4°C. The following primary antibodies were used: Cleaved-Caspase 3 (1:500, ab49822, Abcam), Drp1 (1:1000, ab184247, Abcam), p-Drp1 (Ser616 1:1000, 3455, Cell Signaling), Fis1 (1:1000, GTX111010, GeneTex), Opa1 (1:1000, ab157457, Abcam), Mfn2 (1:1000, ab124773, Abcam), GAPDH (1:1000,sc-1616, Santa Cruz Biotechnology, CA, USA) and VDAC (1:1000, GTX114187, GeneTex). Horseradish peroxidase-labeled secondary antibodies were incubated for 1 h at room temperature. Then the bands were detected using the Pierce ECL Western Blotting Substrate. The GAPDH or VDAC bands served as an internal control, then the ratios of the targeted protein bands and loading control were calculated.
Statistical Analysis
All data were presented as the means±standard deviation (SD), and analyzed by Two-way ANOVA. The figures were prepared using GraphPad Prism 5 for windows. Results with p<0.05 were considered to be statistically significant.
Results
Characterization of Silver Nanoparticles
The Energy Dispersive X-Ray Spectroscopy (EDX) and TEM were used to determine the element property and size of AgNP as shown in Figure 2 . The results showed the AgNP was almost monodispersed and the diameter was approximately 10-20 nm. The EDX verified the main component of the sample was Ag and measured its Crystalline/metallic characteristics.
Assessment of Body Weight and Lung Coefficient
The body weight and lung coefficient of each rat were weighted and compared among the 4 different experimental groups. As shown in Figure 3 , the body weights were 180.1--220.3 g at the beginning of the experiment and increased to 341.7-435.1g after 28 days in all animals with no significant differences among the groups (F=1.090, p=0.370). Similarly, the lung coefficient was (3.83-4.72) *10-3 in all animals, there no significant differences among the groups (F=0.743, p=0.547).
Effects on MDA and GSH Levels
As shown in Figure 4 , intra-tracheal instillation of AgNP induced a significant increase in the level of MDA compared to the control group (P<0,05) and treatment with selenite reduced the MDA level back to baseline. AgNP exposure resulted in a significant decrease in GSH compared to the control group (P<0,05). However, the treatment of selenite in AgNP exposed rats brought the GSH level back to normal.
Histopathologic Findings
Pulmonary histopathological changes were observed by HE staining and representative photomicrographs are given in Figure 5 . In the control animals with or without selenite treatment, the bronchi (black arrows in Figure 5A and B) and alveolar cavities (yellow arrows in Figure 5A and B) of the lungs were clearly visible, the alveolar wall (red arrows in Figure 5A and B) was intact with no evidence of inflammatory cell infiltration, and alveolar septal connections were reticulum. The AgNP-treated group showed alveolar septal thickening and alveolar cavity reduction (red arrows in Figure 5C ) and abundant increased alveolar macrophage accumulation (green arrows in Figure 5C ) and formation of localized pulmonary consolidation ( Figure 5E ). In the AgNP-treated group, near the visceral pleura, the terminal respiratory bronchioles or alveolar cavity fuse to form the pulmonary bullae (yellow arrows in Figure 5C ). In the Se+ AgNP-treated group, alveolar septal and alveolar cavity return to normal (yellow arrows in Figure 5D ) and alveolar macrophage significantly decreased. Selenite treatment to AgNP exposed animals decreased the thickness of alveolar septum(red arrows in Figure 5D ) and alleviated pulmonary consolidation ( Figure 5F ).
Ultrastructural Changes of Lung Tissue and Mitochondrial Morphology
The effects of AgNP exposure on lung ultrastructure and mitochondrial morphology were observed via TEM. There were significant differences in the ultrastructure of lung tissue between the control and AgNP-treated groups. As shown in Figure 6 , the type I and type II alveolar cells were normal in the control and Se-treated groups. In the AgNPtreated group, type I and type II alveolar cell body bigger than those in non-AgNP treated animal samples and a large number of nucleus-free vacuoles were observed (red arrows in Figure 6C ). These changes were mitigated in the Setreated AgNP-exposed group. The cell surface microvilli (green arrow), the nuclear of alveolar type II epithelial cell (purple Arrows), osmiophilic lamellar bodies (orange arrows) and ultrastructure of the mitochondria (blue arrows) were shown in Figure 7 . As the Figure 7C showed, in AgNP exposure animals, the microvilli on the cell surface were rare (green arrow), the nucleus was agglomerated and condensed (purple arrow), osmiophilic lamellar bodies fusion and lamellar-body vacuolation were presented (orange Figure 4 The levels of MDA (A) and GSH (B). Notes: The data represent means ± SD. p<0.05 were considered to be statistically significant. * p<0.05 vs control; #p<0.05 vs AgNP. Abbreviations: MDA, Malondialdehyde; GSH, Glutathione; Cont, control; AgNP, silver nanoparticle; Se, selenium; SD, standard deviation.
Figure 5 Histological outcomes examined after 21 days of treatment in non-selenium treated (A, C, E) and selenium treated animals (B, D, F). Magnification is 40× in (A-D) and 100× in (E and F).
Black arrows, bronchi; yellow arrows, alveolar cavities; red arrows, alveolar wall; green arrows, alveolar macrophage. Abbreviations: Cont, control; AgNP, silver nanoparticle; Se, selenium. arrow), mitochondria were deformed with disrupted or disintegrated cristae (blue arrow). AgNP particles were founded within the pulmonary mitochondria (red arrows) and outside of the mitochondria (dark blue arrows). According to the ruler(red ruler in Figure 7C and G), the diameter of AgNP was around 20-40nm. In selenite-treated AgNP-exposed animals, the mitochondrial cristae become dense and the other above described AgNP-induced changes returned to normal in the lung tissue. Strikingly, AgNP were agglomerated ( Figure 7F and H) and its accumulation within pulmonary mitochondria was not observed in the Se+ AgNP-treated group which means that selenite protection may be related to the prevention of AgNP transportation to the mitochondria.
AgNP Activates Caspases and Alters Mitochondrial Dynamic Balance
We have previously shown that AgNP causes mitochondrial stress and selenite counteracts the AgNP-induced stress in cultured neuronal cells. 15 In this part of the study, we measured apoptotic signaling proteins and mitochondrial fission and fusion markers in samples collected from animal lung tissues. As shown in Figure 8 , intra-tracheal instillation of AgNP significantly increased cleaved caspase-3 levels and 
Discussion
The results of the present study have demonstrated that AgNP caused histopathological and ultrastructural changes in the lung tissue, induced mitochondrial damage, oxidative stress and caspases-3 activation, and increased mitochondrial fission. Intraperitoneal injection of selenium has successfully alleviated AgNP-induced morphological and ultrastructural changes in the lungs and blocked the caspase activation and mitochondrial fission signaling.
The toxicity of AgNP was determined by its physical/ chemical properties, such as size, shape, surface charge. 27 Thus, we measured the morphology and size of AgNP by the transmission electron microscopic examination. AgNP was almost monodispersed and the diameter was approximately 10-20 nm. Due to Ag+ ions are also related to the cell death, 28, 29 it should be taken into consideration that how many Ag+ ions in the stock suspension made from powdery AgNP. However, it has been demonstrated that endocytosed AgNP were degraded in the lysosomes and released of Ag+ ions in the cytosol caused cell death. 27 Considering that some silver particles maybe convert into silver ions after entering the body, we did not detect the amount of Ag+ ions in the stock suspension. It has been demonstrated that AgNP exposure induces oxidative stress, which is postulated to be an important mechanism of cell apoptosis. MDA and GSH are considered a reliable marker of oxidative stress in terms of lipid peroxidation and antioxidation, 30 therefore the level of MDA and GSH were measured in the present study. The results indicate that the MDA level significantly elevated d while GSH level decreased in the AgNP group. MDA, an end product of lipid peroxidation, can expand the effect of ROS and indirectly represents the level of damage of the cell and tissue. 31 GSH can clear the superoxide anionfree radicals to protect the cells from being injured, which represents the capacity of clearing free radicals from the organism. The increase of MDA and the decrease of GSH reflected the enhance oxidative stress caused by AgNP exposure. However, selenium treatment reversed the AgNP-induced increase in MDA and decrease in GSH. This is consistent with previous studies showing that AgNP induces inflammatory responses as reflected by increased levels of oxidative stress-related factors such as GSH, Superoxide dismutase(SOD), catalase(CAT), glutathione peroxidase (GPx), MDA, interleukin-1 beta(IL-1β), IL-6, and tumor necrosis factor-alpha(TNF-α). 10, 11 A number of studies have shown that the extent of AgNP toxicity in the pulmonary are mostly particle sizedependent, which is closely related to whether AgNP is able to reach the alveoli and to deposit in the lungs. 4 The smaller sized AgNP was the more apparent toxicity to the cells and tissues. 32, 33 In our study, 20 nm-sized silver nanoparticle powder was used. Although neither AgNP nor selenite affect the body weight and lung tissue weight ratio, the histological data demonstrated that exposure of AgNP resulted in increased thickness of the alveolar septa, reduction of alveoli, rupture of alveolar membranes, and infiltration of inflammatory cells to the lungs, which is consistent to previous reports showing that AgNP caused adverse impact to the lungs varies from minimal pulmonary inflammation to the potential persistence of lung functional and structural deterioration. 5, 6, 34, 35 Treatment of sodium selenite alleviated the damaging effects of AgNP, suggesting that dietary intake of sodium selenite as a supplement may be beneficial in preventing AgNP exposure induced damage to the lungs. The present results are consistent with previous finding showing that selenium reduces cytotoxicity caused by heavy metals, including AgNP. 10, 11, 36 Intratracheal instillation with AgNP (200 μg/rat) resulted in alveolar cell proliferation, vacuoles formation, reduced number of microvilli, osmiophilic lamellar body lysis, mitochondrial lucency, and cristae disarray, disappearance, and swelling. Localization of Ag particles in the mitochondria was visible in AgNP exposed animal lung tissues. The mitochondrion is an important subcellular organelle responsible for energy production. Mitochondrial cristae are folds of the mitochondrial inner membrane studded with respiratory complexes, ATP synthase and transport proteins such as ADP/ATP carrier and phosphate carrier. 37 Healthy cristae are very important and necessary for the process of electron transport chain (ETC) and the capacity of ATP generation. Disintegration and mitochondrial swelling cause damage to mitochondrial functional performance and initiate cell death pathways. Due to the limited amount of tissue sample availability, we did not perform the ATP production and ETC enzyme activity measurements. However, a recent study has already shown that AgNP compromised mitochondrial respiratory complex activities in the rat liver. 38 We have also observed that AgNP impairs the cardiac functional performance, damages myocardial ultrastructure and mitochondria membrane and cristae, causes mitochondrial fission, and activates autophagy (Data will be presented in an upcoming manuscript). Fortunately, treatment with selenite ameliorated AgNP induced ultrastructural damage of the alveolar epithelial cells. Interestingly, there were no mitochondrial located silver particles observed in the selenite treated animals. It is possible that AgNP may directly penetrate into the mitochondria, where they cause mitochondrial structural changes and functional alterations. Selenium prevented the AgNP particles entering the mitochondria. While the mitochondria are the most important organelles for energy metabolism under physiological condition, they also play critical roles in initiating cell death pathways under pathological conditions. 39 Damage to the mitochondria could activate the mitochondria-mediated cell death pathways, which involves releases of pro-apoptotic factors such as cytochrome c and second mitochondriaderived activator of caspases (Smac)/direct IAP binding protein with low pI (DIABLO) to the cytosol resulting in activation of caspases, or translocations of apoptosisinducing factor (AIF) and/or endonuclease G to the nucleus causing DNA damage. 39, 40 Previous studies, including our own, have shown that AgNP exposure resulted in activation of caspase-dependent cell death pathway and suppression of mitochondrial activity in cultured cells. 15, [41] [42] [43] [44] In this study,
we measured cleaved caspase-3 in lung tissues of the rats instilled with AgNP. The results showed that AgNP significantly increased the protein levels of cleaved caspases-3, suggesting that the mitochondrial apoptosis pathway has been activated after AgNP exposure in vivo. Under normal conditions, the mitochondria are in a dynamic equilibrium of fission and fusion, which is facilitated by the intracellular mitochondrial movement. This dynamic process plays an important role not only in regulating the mitochondrial morphology, quantity, subcellular distribution and function of mitochondria, but also in maintaining mitochondria's homeostasis. Excessive fission results in mitochondrial fragmentation which is often linked to mitochondrial dysfunction as this dynamic state predominates during elevated stress and cell death. 45 Mitochondria fission promotes apoptosis by releasing cytochrome C under some circumstances, 46 it can also lead to activation of autophagy and cell death. 47 Drp1 is the predominant mediator of mitochondrial fission in mammals. 48 Drp1, once being activated through phosphorylation, binds to Fis1 to initiate the mitochondrial fission and eventually fragmentation and cell death. 49, 50 Our present study showed that intratracheal instillation of AgNP to the rats significantly increased the mitochondrial fission proteins Drp1, p-Drp1 (Ser616) and Fis1, suggesting that AgNP induced mitochondrial fission. Mitochondrial fusion and division generally counterbalance each other. If mitochondrial fusion is inhibited, unopposed fission results in mitochondrial fragmentation and some deficiencies such as metabolic substrates or mitochondrial DNA accumulate and lead to cellular dysfunction. 51, 52 Our data showed that the mitochondrial fusion protein Opa1 and Mfn2 were significantly decreased after AgNP exposure. In other words, AgNP not only induced mitochondrial fission but also restrained fusion. Compared with the AgNP group, selenium treatment prevented the activation of mitochondrial fission and inhibition of fusion by bringing the fission and fusion marker down to control values. These results are in agreement with our previous in vivo findings showing that selenium prevents mitochondrial dynamic alteration and improves mitochondrial function in cultured neuronal cells. 53, 54 It is likely that AgNP enters the mitochondria, where it causes increased ROS production which leads to mitochondrial membrane depolarization and ETC inhibition. These events activate cell death pathways, disturb the mitochondrial dynamic balance toward fission and subsequently cause mitochondrial functional and morphological changes that eventually result in cellular damage. A proposed schematic diagram illustrates the AgNP damage mechanism is given in Figure 9 .
Conclusion
Intratracheal instillation of AgNP caused thickening of the alveolar septa, accumulation of macrophages in the alveoli, formation of pulmonary bullae and pulmonary consolidation, disintegration of the mitochondrial cristae, and swelling of the mitochondria. AgNP activated oxidative stress, caspase-3 and mitochondrial fission. Treatment with sodium selenite to the animals prevented the AgNP-caused histological and ultrastructural alterations, blocked caspase-3 activation, and stabilized mitochondrial dynamic balance. Figure 9 The schematic diagram of the AgNP damage mechanism. Abbreviations: AgNP, silver nanoparticle; ROS, reactive oxygen species; ECT, electron transport chain.
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